
. . . .  .......... ........ 

N A T I O N A L  A E R O N A U T I C S  A N D  S P A C E  

MSC INTERNAL NOTE NO. 

February 7, 1967 
I 

ADM 

67-1 
N I S T R A T I O N  

M-18 

LAMBERT'S TARGETING FOR 

....... ........ ....... ........ ....... ........ ....... 1 
% 

CROSS-PRODUCT STEERING IN THE 
AS-503A LO1 SIMULATION MANEUVER 

By Robert F. Wiley 

Mission Analysis Branch 

, .. , 

E 
L M I S S I O N  PLANNING A N D  ANAL 

M A N N  D SPACE( R A F T  -. YSlS DlVlSlO 

CENTER 
HOUSTON, T E X A S  

ww 
LAHBER'I 'S  T A B G E T l h G  FOR 

-*.w.,., r n u u u ~ i  sXLERING .IN THE AS-503A LO1 
~ S I H U L A T S I O I  MANELiVEB ( N A S A )  62 p 

Unclas 
06/99 16174 

Y74-71195 

. .  

. ,  . .  . .  . . . . . . . .  . . . . . . .  . . . . . . . .  . . . . . . .  



L 

v 

MSC INTERNAL NOTE NO. 6 7 - F M - 1 8  

PROJECT APOLLO 

LAMBERT'S TARGETING FOR CROSS-PRODUCT STEERING 
IN THE A S - 5 0 3 A  LO1 SIMULATION MANEUVER 

By Robert F. Wiley 
Mission Analysis Branch 

February 7, 1967 

MISSION PLANNING AND ANALYSIS DIVISION 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

MANNED SPACECRAFTCENTER 

HOUSTON, TEXAS 

Approved: 
M.  P. Fratik f l l ,  Chief 
Mission Analysis Div is ion 

n A A  

Missio\t( Planning and Analysis Div is ion 



CONTENTS 

b’ 

Sec t ion  Page 

SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . .  2 

SYMBOLS . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 

. . . . . . . . . . . . . . . . . . . .  TARGETING PARAMETERS 5 

PRELIMINARY CHOICE OF TARGET . . . . . . . . . . . . . . . .  6 

DETERMINATION OF THE TARGETING SCHEME . . . . . . . . . . . .  8 

Target ing With The Steer ing  Constant, c ,  Equal To 1.00 . . .  9 

One-parameter t a r g e t i n g  - t i m e  of i g n i t i o n  (t  ) . . . .  9 

Two-parameter t a rge t ing  - t i m e  of i g n i t i o n  ( t  ) and t i m e  
i gn 

i gn 

d’.. _ _  

of f l i g h t  ( t f )  . . . . . . . . . . . . . . . . . . . .  10 

Targeting With The S tee r ing  Constant, c ,  A s  A Target 

Comparison O f  
Parameter . . . . . . . . . . . . . . . . . . . . . . . .  12 

and tbu-tf Target ing . . . . . . . .  1 4  
Checks On The Optimality O f  c-tbu Targeting . . . . . . .  15 

C-tbu 

1. c-t t a r g e t i n g  compared t o  a two-burn maneuver with bu 
C = L O O  . . . . . . . . . . . . . . . . . . . . .  15 

2. C’tbU t a r g e t i n g  compared t o  t a r g e t i n g  with c = 1.00, 

a d i f f e r e n t  t a r g e t  t r u e  anomaly . . . . . . . . . .  16 

p o s i t i o n .  . . . . . . . . . . . . . . . . . . . . .  17 
3. Fina l  check on t h e  opt imal i ty  of t h e  t a r g e t  vec to r  

Real-Time Considerations . . . . . . . . . . . . . . . . .  19 
Consideration of The Plane Change And Dif fe ren t  High E l l i p s e  

Perigee Al t i tudes  . . . . . . . . . . . . . . . . . . . .  20 
Limitations and Advantages of This Targeting Scheme When 

Updating i n  Real Time . . . . . . . . . . . . . . . . . .  2 1  
Brief Summary of This Sect ion . . . . . . . . . . . . . . .  22 

iii 

, \  



Sect ion  Page 

EVALUATION OF THE EFFECT OF DISPERSIONS . . . . . . . . . . .  22 

Thrust Dispersions . . . . . . . . . . . . . . . . . . . . .  22 
Ign i t ion  Point  Dispersions . . . . . . . . . . . . . . . .  23 
Spacecraft  Orbit Measurement Errors . . . . . . . . . . . .  24 

APPENDIX . . . . . . . . . . . . . . . . . . . . . . . . . . . .  52 

Y 



TABLES 

Y 

T a b l e  Page 

I COMBINATIONS OF BACK-UP TIME ($ ) AND TINE OF 
FLIGHT (tf) TO OBTAIN DESIRED ~FOGEE ALTITUDE . 25 

I1 FC3SULTS OF IMPUISIVELY RAISING PERIGEES GrVEN I N  
TABLE I AT APOGEE OF THE LxlW ELLIPSE . . . . . . . .  26 

I11 TARGETING OF THE AS-503A Lo1  MANmTVER W I T H  THE 
PROPOSED TARGETING SCHEME . . . . . . . . . . . . . .  27 

I V  RESULTS OF USING THE NOMINAL TARGE?I’ PARAMETER 
VALUES WIT3 CISPERSED ORBITS . . . . . . . . . . . .  28 

V 



FIGURES 

J 

Figure 

1 

2 

3 

4 

10 

11 

12 

1 3  

1 4  

Apogee a l t i t u d e  versus t i m e  of f l i g h t  minus time 
o f c o a s t  . . . . . . . . . . . . . . . . . . . . . . . 29 

Perigee a l t i t u d e  versus t i m e  of f l i g h t  minus 
t i m e  of coast  . . . , . . . . . . . . . . . . . . . . 30 

Argument of per igee  versus t i m e  of f l i g h t  minus time 
o f c o a s t  . . . . . . . . , . . . , , . . . . . . . . . 31 

Change i n  ve loc i ty  versus t i m e  of f l i g h t  minus t i m e  
o f c o a s t  . . . . . . . . . . . . . . . . . . . . . . . 32 

Apogee a l t i t u d e  versus  back-up time from per igee  . . . . 33 

Perigee a l t i t u d e  versus back-up t i m e  from per igee  . . . . 34 

Argument of per igee  versus back-up time from per igee  . . 35 

Change i n  ve loc i ty  versus back-up t i m e  from perigee . . . 36 

To ta l  change i n  ve loc i ty  versus r a t i o  of back-up 
time t o  burn t i m e  . . . . . . . . . . . . . . . . . . 37 

Al t i t ude  of per igee versus back-up time from perigee . . 38 

Back-up time from perigee versus  cross-product 
s t e e r i n g  constant '. . . . . . . . . . . . . . . . . . 39 

Perigee a l t i t u d e  versus back-up t i m e  from per igee  . . . . 4'0 

Perigee a l t i t u d e  versus cross-product s t e e r i n g  
constant  . . . . . . . . . . . . . . . . . . . . . . . 41 

Apogee a l t i t u d e  versus back-up t i m e  from perigee . . . . 42 

v i  



Page Figure 

1 5  

16 

17 

18 

19 

20 

21 

22 

23 

Argument of per igee a f te r  des i r ed  apogee and per igee 
are obtained versus t a r g e t  vector  t r u e  anomaly . . . 43 

Change i n  ve loc i ty  versus t h r u s t  . . . . . . . . . . . 44 

Perigee a l t i t u d e  versus t h r u s t  . . . . . . . . . . . . 45 

Apogee a l t i t u d e  versus t h r u s t  . , . . . . . . . . . . 46 

Argument of per igee versus t h r u s t  . . . . . . . . . . 47 

Change i n  ve loc i ty  versus time of i g n i t i o n  minus 
nominal t i m e  of  i g n i t i o n  , . . . . . . . . . . . . . 48 

Perigee a l t i t u d e  versus t i m e  of i g n i t i o n  minus nominal 
time of i g n i t i o n  . . . . . . . . . . . . . . . . . . 49 

Apogee a l t i t u d e  versus time of i g n i t i o n  minus nominal 
time of i g n i t i o n  . . . . . . . . . . . . . . . . . . 50 

Argument of per igee versus t i m e  of i g n i t i o n  minus 
nominal t i m e  of i g n i t i o n  . . . . . . . . . . . . . . 51 

U 

v i  i 



LAMBERT'S TARGETING FOR CROSS-PRODUCT STEERING I N  THE 

AS-503A LO1 SIMULATION MANXUVER 

By Robert F. Wiley 

SUMMARY 

The question t o  be r e s o l h d  i n  t h i s  study i s  whether o r  not cross- 
product s t e e r i n g  using a Lambert's t a rge t ing  scheme can be used f o r  t h e  
AS-503A LO1 s imulat ion maneuver; and i f  so ,  how should t h e  values of 
t h e  t a rge t ing  parameters be chosen? The LO1 maneuver i s  t o  be performed 
near per igee of a high e l l i p s e  r e su l t i ng  from t h e  AS-503A TLI s imulat ion 
burn. 

It w a s  c o t  c e r t a i n  at t h e  i n i t i a t i o n  of t h e  study t h a t  a p r a c t i c a l  
t a r g e t i n g  acheme would r e s u l t .  However t h e  r e s u l t s  of t h e  study show 
t h a t  t he  proposed Lambert's scheme i s  p r a c t i c a l ,  conceptually simple, 
r e l a t i v e l y  i n s e n s i t i v e  t o  d ispers ions ,  and can be implemented with cur- 
r e n t l y  planned Real-Time Computer Complex (RTCC) l og ic .  The proposed 
t a rge t ing  scheme achieves t h e  t a rge t  e l l i p s e  apogee and per igee a l t i t u d e s  
and misses t h e  t a r g e t  e l l i p s e  geographic pos i t i on  on t h e  e a r t h  at the  
f irst  per igee following t h e  burn by less than  1.0' i n  l a t i t u d e  and l e s s  
than  2.5' i n  longi tude.  

The r e s u l t s  showed t h a t  t he  optimum t a r g e t i n g  parameters should be 
as follows : 

Target vector--chosen a t  a t r u e  anomaly of 270' from t h e  oscu- 
l a t i n g  conic a t  perigee of a prec is ion  e l l i -pse  having an apogee 
a l t i t u d e  of 200 n. m i .  The prec is ion  el l i .pse  i s  generated by 
an impulsive maneuver a t  perigee of t h e  high e l l i p s e .  

Time of ignition--equals time a t  per igee minus one h a l f  t h e  
time of burn. 

Time of fl ight--equals time at t h e  t a r g e t  vec tor  on t h e  oscu- 
l a t i n g  conic associated with t h e  t a r g e t  e l l i p s e  minus t h e  time 
at engine ign i t i on .  
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The ARRS program can be used i n  rea l  t i m e  t o  generate  and update 
these  t a rge t ing  parameters. 

INTRODUCTION 

I n  t h e  ea r ly  planning phases of t h e  luna r  mission, t h e r e  w a s  a 
d i f f e r e n t  t a rge t ing  scheme f o r  each of t h e  t h r e e  major, nominal CSM- 
con t ro l l ed  maneuvers - T L I  , L O I ,  and TEI .  However , it w a s  r ecen t ly  
discovered t h a t  t h e  spacec ra f t  onboard computer would be sho r t  of s t o r -  
age space. Consequently, an e f f o r t  was made t o  save some of t h i s  space 
by performing s e v e r a l  of t h e  maneuvers with only one t a r g e t i n g  scheme. 
Thus a Lambert's t a r g e t i n g  scheme was proposed by MIT t o  t a r g e t  cross- 

product s t ee r ing  f o r  TLI  and TEI' f o r  t h e  luna r  mission. 

The M I T  cross-product s t e e r i n g  l a w  used i n  t h e  CSM-controlled burns 
depends on defining a velocity-to-be-gained v e c t o r ,  which i s  t h e  d i f -  
ference between a required ve loc i ty  and t h e  present  CSM ve loc i ty .  The 
d i f f e r e n t  t a rge t ing  schemes a r e  merely means of c a l c u l a t i n g  t h i s  required 
ve loc i ty ,  t ha t  i s  , t h e  ve loc i ty  t h e  CSM must have at i t s  present  
p o s i t i o n  and ve loc i ty  t o  obtain t h e  des i r ed  t a r g e t  condi t ions.  Lambert's 
t a r g e t i n g  computes conical ly  t h e  required v e l o c i t y  from t h e  present  CSM 
p o s i t i o n  vector ,  a t a r g e t  vec to r ,  and t h e  t i m e  of f l i g h t  between t h e  
two vectors .  Reference 1 presents  a more complete discussion of cross- 
product s t ee r ing .  

It i s ,  of course, impossible f o r  t h e  CSM t o  a t t a i n  t h e  required 
ve loc i ty  instantaneously; it must t h r u s t  f o r  a f i n i t e  length of t i m e .  
During t h e  burn, Lambert's problem i s  solved onboard every 4 seconds 
and t h e  so lu t ion  i s  extrapolated s o  t h a t  at each po in t  through t h e  
powered-flight path,  a new conic i s  computed t o  t r a n s f e r  t o  t h e  t a r g e t  
vector .  Therefore, it i s  not immediately obvious how t o  s e l e c t  t h e  i n i -  
t i a l  t r a n s f e r  conic ( i . e . ,  t h e  t a r g e t  parameter values)  t o  in su re  t h a t  
t h e  conic at burnout w i l l  g ive t h e  des i r ed  end condi t ions.  (The conic 
at burnout w i l l  only pass through t h e  t a r g e t  vec to r  i n  t h e  t i m e  of f l i g h t  
minus t h e  burn t i m e ;  it need not necessa r i ly  have t h e  des i r ed  end condi- 
t i o n s  such as apogee a l t i t u d e . )  I n  t h e  case of t h e  AS-503A LO1 maneuver, 
t h i s  i s  fu r the r  complicated by a shor t  t i m e  of f l i g h t  (gene ra l ly  less 
than  1 .2  hours).  
s t e e r i n g  f o r  t h e  AS-503A LO1 burn could be t a r g e t e d  i n  a simple manner 
with no generalized i t e r a t i o n s .  

Thus, it w a s  not c e r t a i n  a t  t h e  o u t s e t  t h a t  Lambert's 

'This Lambert's scheme may a l s o  be used f o r  some of t h e  return-to- 
e a r t h  abort  maneuvers. 

Y 

I, 
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. 

The AS-503A LO1 s imulat ion burn w i l l  cons is t  of a t r a n s f e r  from a 
The p r i n c i p a l  ob jec t ive  of t h e  burn i s  high e l l i p s e  t o  a low e l l i p s e .  

t o  lower t h e  apogee a l t i t u d e  o f  t h i s  high e l l i p s e  from 3950 t o  200 n. m i .  
and perform a CSM burn t h a t  i s  at l e a s t  as long as t h e  LO1 burn f o r  t h e  
lunar  m i s s  i on. 

The t r a n s f e r  t o  t h e  low e l l i p s e  w i l l  occur a t  per igee  of t h e  high 
e l l i p s e .  A t  t h e  time o f - w r i t i n g ,  t h e  per igee  a l t i t u d e  of t h e  high e l l i p s e  
should be approximately 150 n. m i .  which i s  high enough t o  insure  t rack-  
ing  but low enough t o  allow an RCS deorb i t .  This a l t i t u d e  of per igee 
w i l l  be obtained by r a i s i n g  t h e  a l t i t u d e  of per igee (by a simulated mid- 
course cor rec t ion  a t  second apogee) of t h e  e l l i p s e  r e s u l t i n g  from t h e  
TLI simulation. 
t h e  high e l l i p s e ,  t h a t  i s ,  t h e  e l l i p s e  on which t h e  LO1 s imulat ion burn 
i s  made. There i s  no r e s t r i c t i o n  on t h e  l i n e  of apsides o r  t h e  ground- 
t r a c k ;  once t h e  nominal LO1 burn i s  e s t ab l i shed ,  t h e  LM maneuvers may 
be developed t o  s a t i s f y  mission t racking requirements. 

This e l l i p s e  (with t h e  r a i sed  per igee)  w i l l  be  ca l l ed  

This study was performed w i t h  t h e  Apollo Reference Mission Program 
(ARMP1). 
considered . The e f f e c t s  of u l l age ,  t h r u s t  buildup, and t a i l o f f  were not 

An empir ica l ,  q u a l i t a t i v e  predict ion of t h e  behavior of Lambert's 
t a r g e t i n g  i n  cross-product s teer ing  w i l l  be  published i n  a memorandum 
which w i l l  summarize t h e  r e s u l t s  of t h i s  study as we l l  as one on a 
space c r a f t  -gui ded AS-  50 3A TLI ' s imula t  i on. 

SYMBOIS 

ARMP 

ARRS 

CSM 

GPMP 

ha 

h 
P 

Apollo Reference Mission Program 

Apollo RTACF Rendezvous System 

command and se rv ice  modules 

General Purpose Maneuver Processor 

a l t i t u d e  of apogee, n. m i .  

a l t i t u d e  of per igee ,  n. m i .  
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x 
LO1 

w 

0 

RCS 

RT 

RTACF 

tbu 

tburn 

C 
t 

T E I  

t f  

t f  imp 

ign  t 

TLI 

longi tude ,  degrees 

lunar  o r b i t  i n s e r t i o n  

argument of pe r igee ,  degrees 

l a t i t u d e ,  degrees 

r eac t ion  con t ro l  system 

t a r g e t  vec tor  on t h e  oscula t ing  conic 

Real-Time Auxil iary Computing F a c i l i t y  

backup time before  per igee  t o  s tar t  t h e  burn,  
= .064 means t h a t  t h e  burn i s  tbu hours. 

s t a r t e d  .064 hours before  a r r i v i n g  at per igee  

burn t ime,  hours 

coast  time on t h e  oscula t ing  conic from pe r i -  
gee t o  t h e  t a r g e t  vec to r ,  hours 

t r a n s e a r t h  i n j e c t i o n  

time of f l i g h t  from burn i n i t i a t i c n  t o  t h e  tar-  
g e t  vec to r ,  may be g r e a t e r  or smaller  than  

t f  imp’ hours 
impulsive time of f l i g h t ,  coast  time on t h e  os- 
cu la t ing  conic and t h e  backup time on t h e  high - - e l l i p s e  t o  s ta r t  t h e  burn,  t f  imp - t c  + tbu, 
hours 

time of engine i g n i t i o n ,  hours 

t r a n s  luna r  i n  j e c t  i on 
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TARGETING PARAMETERS 

. 

The t a r g e t i n g  parameters are those parameters which m a y  be changed 
i n . o r d e r  t o  obtain t h e  desired end conditions subject  t o  mission con- 
s t r a i n t s .  

(1) Target vector ,  %.- This vec tor  i s  s e l e c t e d  from a two-body 

e l l i p s e  ( t h e  t a r g e t  conic) defined t o  be the  osculat ing conic a t  per i -  
gee of t he  des i red  precis ion o rb i t .  Both t h e  parameters of t h e  conic 
and the  true anomaly at which the t a r g e t  vector  i s  se lec ted  m a y  be var ied.  
However, only the  t r u e  anomaly of t h e  t a r g e t  vector  w a s  considered a tar- 
ge t ing  parameter f o r  t h i s  study. 

(2) Time  of i g n i t i o n ,  tign.- Changes i n  t h e  time of i g n i t i o n  a r e  

equivalent t o  changes i n  t h e  CSM i n i t i a l  pos i t ion .  

(3) 
Lambert ’ s 

( 4 )  
t r o l s  t h e  

Time of f l i g h t ,  tf.- 

problem. This may be  tf imp o r  sane value g r e a t e r  o r  smaller. 

The cross-product s teer ing  cons tan t ,  c.- This constant con- 

This i s  t h e  last of t h r e e  inputs  t o  

d i r e c t i o n  and rate of change of dir%c!ion of t h e  t h r u s t  vector .  
Since i n  Lambert”s problem, t h e  CSM i s  t a r g e t e d  only f o r  a t i m e  of ar- 
r i v a l  a t  t h e  t a r g e t  vec tor ,  c .can  cont ro l  on which conic o r b i t  of a 
f a m i l y  of possible  o rb i t s  passing through the  t a r g e t  vector  t h e  CSM w i l l  
burn out.  

The t a r g e t  e l l i p s e  is a precis ion o r b i t  generated impulsively at 
per igee and defined by a 200-n. m i .  a l t i t u d e  of apogee and an a l t i t u d e  
of per igee equal t o  the  a l t i t u d e  of per igee of t h e  high e l l i p s e  ( i . e . ,  
t h e  e l l i p s e  t h a t  r e s u l t e d  from ra i s ing  per igee of the TLI s imulat ion 
e l l i p s e ) .  The argument of perigee i s  a l s o  t h a t  of the high e l l i p s e ,  
Apogee and perigee a l t i t u d e s  and the  argument of per igee were measured 
at the  f irst  per igee a f t e r  t h e  LO1 burn. The a l t i t u d e  of apogee i s  the 
two-body radius  of apogee minus the radius of t h e  ea r th ,  while t h e  al t i-  
tude of per igee i s  the  ac tua l  height above t h e  Fischer e l l i p s o i d .  

The t a r g e t  conic w a s  generated by tak ing  the  s t a t e  vec tor  at second 
2 perigee of t h e  high e l l i p s e ,  changing t h e  ve loc i ty  and azimuth angle , 

‘Changing t h e  azimuth angle causes the  t a r g e t  conic plane t o  be 
i n c l i n e d  t o  t h e  high e l l i p s e  plane. 
spent  S-IVB w i l l  not recontact  each o ther .  

This insures  t h a t  t h e  CSM and t h e  
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and coas t ing  two-body. 
i n t e r s e c t s  the  high e l l i p s e  a t  per igee .  

Note i n  t h e  sketch below t h a t  t h e  t a r g e t  conic 

When t h i s  s tudy was i n i t i a t e d  the  e l l i p s e  r e s u l t i n g  from t h e  TLI  
s imulat ion burn measured 3950 by 109 n. m i .  i n  a l t i t u d e .  Per igee w a s  
not t o  be  r a i sed  because t h e  RCS budget a t  t h a t  time would not allow 
an RCS deorbi t  from a higher  per igee.  There w a s  a l s o  t o  be no plane 

. change at perigee.  Therefore, t h e  t a r g e t  conic for t h i s  study measured 
206 by 109 n. m i .  and was i n  t h e  same p lane  as t h e  high e l l i p s e .  After  
t h e  t a rge t ing  scheme w a s  developed using t h i s  t a r g e t  conic ,  it w a s  checked 
by using per igee a l t i t u d e s  up t o  150 n. m i .  and by making a 1' plane 
change a t  perigee.  

PRELIMINARY CHOICE OF TARGET 

Three t a r g e t  vectors  were chosen f o r  i n v e s t i g a t i o n  t o  g e t  an idea  
of an optimum place  t o  s e l e c t  t h e  t a r g e t  vec to r  for t h e  t a r g e t  conic 
used i n  t h i s  s tudy.  

H 
E 

PERIGEE 
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Target vectors  True anomaly Time of coast  

3 

. 

0.375 hours 91.3’ RT I 

RT I1 
RT I11 

267.5O 1.125 hours 

297.6O 1.250 hours 

The time of i g n i t i o n  ( t  ) o r  t h e  back-up time from perigee ( t  
ign  bu ) 

t o  start  t h e  burn w a s  a r b i t r a r i l y  chosen t o  be .087 hours or 65 t o  70 per- 
cent  of t h e  near-nominal burn time ( t  ) .  The cross-product s t e e r i n g  

constant  ( c )  w a s  s e t  at 1.0,  because it had previously been found t h a t  
t h i s  value of c genera l ly  gives a m i n i m u m  AV burn. The t i m e  of f l i g h t  
w a s  chosen as a va r i ab le  because it seemed t o  be t h e  most s e n s i t i v e  var- 
i a b l e .  For each t a r g e t  various times of f l i g h t  were chosen, and t h e  
r e s u l t s  compared. 

burn 

Figures 1 through 4 present  p l o t s  of apogee a l t i t u d e  ( h a ) ,  per igee 

a l t i t u d e  (h  

tf - tc. The quant i ty  tf - tc  w a s  chosen as t h e  common absc issa  be- 

cause t h e  conic coast  t ime,  tc ,  depends on t h e  t a r g e t  t r u e  anomaly, giv- 

ing  d i f f e r e n t  t o t a l  times of f l i g h t  f o r  each t a r g e t .  

, argument of perigee ( w )  , and AV, r e spec t ive ly~ ,  versus 
P 

Figure 1, apogee a l t i t u d e  versus tf - tc,  shows t h a t  RT I i s  much 

more s e n s i t i v e  than e i t h e r  RT I1 or 111; t h a t  i s  , t he re  i s  a much g r e a t e r  

v a r i a t i o n  i n  apogee a l t i t u d e  f o r  a given t i m e  f o r  R 

111. The s e n s i t i v i t y  of R I i s  probably due t o  t h e  sho r t  tc assoc ia ted  

wi th  it. (Remember t h a t  t h i s  short  tc was expected t o  be a problem. ) 

I than f o r  RT I1 or T 
T 

Note t h a t  fo r  R I1 t h e  t a r g e t  apogee i s  obtained a t  tf - tc - - tbU - - T 

t f  imp. - .087 hours , or tf = tbu + tc;  tha t  i s ,  tf = 

The s e n s i t i v i t y  of RT I i s  again shown i n  f igures  2 and 3. By com- 

f - t c  par ing  f igure  3 t o  f igures  1 and 2 ,  it can be seen t h a t  t h e  t 
value at which ha and h become s t a b l e  on t h e  R I curve i s  about P T 
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Therefore, s ince  t h e r e  i s  l i t t l e  d i f f e rence  i n  AV t o  obtain t h e  
des i r ed  apogee a l t i t u d e  and H I i s  s o  s e n s i t i v e ,  R I1 w i l l  be used f o r  

t h e  t a r g e t  vector i n  t h e  study. I11 (which has 

a s l i g h t l y  longer tc 

- and because real-t ime updating l o g i c  t h a t  s e l e c t s  a t a r g e t  t f  - t f  imp 
vector  at 270' i s  planned. This l og ic  i s  t h e  GPMP por t ion  of t h e  ARRS 
program, commonly c a l l e d  t h e  "Apollo Monster." 

checked a f t e r  t h e  t a r g e t i n g  scheme was developed and w i l l  be  discussed 

T T 
RT I1 w a s  chosen over R T 

) because t h e  t a r g e t  apogee was obtained at 

The choice of R I1 w a s  T 

I i n  a later sec t ion .  

where t h e  argument of per igee becomes most s e n s i t i v e .  

i s  about as s e n s i t i v e  as R I11 on a l l  t h r e e  f i g u r e s .  T 

Note t h a t  RT 11 

Figure 4 i s  a p l o t  of t h e  AV required f o r  t h e  LO1 burn as a func- 
t i o n  of tf - tc.  
using R I requires less AV than using R I1 o r  111. For example, t o  

lower apogee t o  310 n. m i .  requires  3912 f p s  AV with RT I as compared t o  
3948 f p s  AV with RT 11. A t  around 200-n. m i .  apogee a l t i t u d e s  , t h e  AV's 

are equal ,  and below 200 n.  m i .  , R 

For example, t o  lower apogee t o  163 n. m i .  r equ i r e s  100 f p s  more AV with 
RT I than RT 11. It i s  suspected t h a t  t h e  dividinir po in t  at 200 n.  m i .  

arises because t h a t  i s  t h e  apogee a l t i t u d e  of t h e  t a r g e t  conic.  This 
could be v e r i f i e d  by redoing t h i s  preliminary t a r g e t  choice study using 
d i f f e r e n t  apogee a l t i t u d e s  f o r  t h e  t a r g e t  conics.  

7'0 lower apogee a l t i t u d e  from 3950 t o  about 200 n.  m i .  

T T 

I1 and I11 are cheaper than RT I .  T 

I DETERMINATION OF THE TARGETING SCHEME 

The p r i n c i p a l  object ive of t h e  AS-503A LO1 burn i s  t o  lower t h e  a l t i -  
tude of apogee of t h e  high e l l i p s e  t o  200 n. m i .  There i s  no s t r i c t  re- 
quirement on t h e  r e s u l t a n t  per igee a l t i t u d e .  However, s i n c e  t h i s  burn 
w i l l  occur near pe r igee ,  t h e  higher  t h e  per igee a l t i t u d e  can be k e p t ,  

t h e  b e t t e r  will be t h e  t r ack ing  coverage . Thus, t h e  t a r g e t i n g  scheme 3 

31f the a l t i t u d e  ( a )  drops 11 n. m i .  a t  a p o i n t  during t h e  burn,  t h e  
- 11 
old 

old . For a radius  of the  t racking c i r c l e  decreases:  R - 

our case t h i s  i s  about 
11 n. m i .  higher. 

a new - Rold 

or t h e  radius  i s  only .90 of what it w a s  Rold 
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- 
L 

ha’ a, AV 3 P’ 
h 

n. m i .  n. m i .  deg f P s  

Burn 
e l l i p s  e 98.6 20 8 131.8 4003.3 

108.99 205.85 128.04 --- Target 
conic 

w i l l  attempt t o  keep t h e  perigee a l t i t u d e  of t h e  l o w  e l l i p s e  equal t o  
t h a t  of t h e  high e l l i p s e .  Any AV penal t ies  assoc ia ted  with t h i s  w i l l  be 
checked a f t e r  t h e  t a r g e t i n g  scheme has been developed. The argument of 
per igee of t he  low e l l i p s e  need not be cont ro l led ,  but  should be predict-  
able  after t h e  LO1 burn. 

Targeting With The Steering Constant, c ,  Equal t o  1.00 

Some previous t h r u s t i n g  simulations have shown t h a t  many times a 
value of c around 1.00 r e s u l t s  i n  the  minimum AV. Therefore, t o  i n i t i -  
ate t h i s  s tudy,  c has been set equal t o  1.00. 

One-parameter t a r g e t i n g  - time of i g n i t i o n  (ti n) .- 

i s  1.00, and the  t r u e  anomaly of t he  t a r g e t  i s  267.5’ (from t h e  pre- 

Here , only one 
t a r g e t i n g  parameter, tign, will be var ied.  The t i m t  of f l i g h t  is  t 

c 
l iminary choice of t a r g e t  ) . 

f imp’ 

Figures 5 through 8 present apogee a l t i t u d e ,  per igee a l t i t u d e ,  argu- 
”hes e bu ment of per igee,  and AV, respec t ive ly ,  as a f’unction of t 

graphs show t h a t  with the  parameter values ( c  = 1.00 , tf imp), t h e  burn 

having 

e l l i p s e .  
are given below f o r  comparison. 

I 
tbu = .0766 hour, r e s u l t s  i n  an e l l i p s e  c loses t  t o  t h e  t a r g e t  

The parameters of t h e  r e su l t i ng  e l l i p s e  and t h e  t a r g e t  e l l i p s e  

tbuy 
h r  

.0766 
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Obviously freedom t o  change more than one parameter i s  necessary t o  ob- 
t a i n  t h e  desired apogee and per igee a l t i t u d e s .  

Two-parameter ta rge t ing .  - t i m e  of  i g n i t i o n  ( t i  n )  and t i m e  of 

) w i l l  be var ied.  tbu ( i . e .  , t ign  f l i g h t  ( t i f ) . -  Now t as w e l l  as 

c 
This w i l l  be termed tbu-tf ta rge t ing .  

f 
w i l l  s t i l l  be 1.00,  and t h e  t a r g e t  t r u e  anomaly w i l l  remain 267.5’. 

Table I shows t h a t  t h e r e  a re  many combinations of tbu and tf 

tbU - - t h a t  w i l l  give a c e r t a i n  a l t i t u d e  of apogee. 

.0766 hour,  t = f tf  imp 
t h e  des i red  h i s  > t 

s i r e d  ha i s  < t . Thus, t h e  combination of tbu and f imp 
give a desired h forms a boundary; i . e . ,  a tbu > tbu boundary requi res  a 
a t f > t  t o  obtain t h a t  ha. 

Notice t h a t  f o r  

(i.e:, t + tc) .  For tbu > .0766, tf t o  obta in  bu 
and fo r  t < .0766, tf t o  obta in  t h e  de- 

t o  
bu a f imp 

tf  imp 

f imp 

I n  a 200 x 100 n. m i .  a l t i t u d e  e l l i p s e ,  it takes  1.78-fps AV appl ied 
impulsively at  apogee t o  r a i s e  per igee 1 n. m i .  ( t h i s  i s  good f o r  Ah 

P 
least 20 n. m i .  ) . Thus, t a b l e  I1 m a y  be c rea ted  by r a i s i n g  the  per igee  of 
t a b l e  I t o  108.99, t h e  t a r g e t  value. This w i l l  allow a comparison of 
t h e  d i f f e ren t  combinations of t and t t o  perform t h e  LO1 burn. bu f 
For t h i s  comparison, f i gu re  9 ,  which shows t o t a l  change i n  ve loc i ty  versus 
tbu’tburn ’ was created from t a b l e  11. This graph shows t h a t  tbu should 

be  about 55 percent of tburn f o r  a m i n i m u m  AV. (As a rough approxima- 

should equal 1 /2  t or be  s l i g h t l y  g r e a t e r  fo r  t i o n ,  we can say 

minimum A V . )  

t o  a t  

bu burn 

2: 
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Target 
conic 

By again r e f e r r i n g  t o  t a b l e  I ,  f igu re  10, h versus tbu, 
P 

c rea ted .  

This shows t h a t  t he re  should be two tbuls where h i s  109 n. m i . ,  
when ha i s  searched i n  t o  208 n.  m i .  by varying t That i s ,  t h e  

des i red  ha and h can both be  obtained. One of t hese  combinations 

Each poin t  on t h e  curve of f igu re  10 has an 

P 
f '  

ha = 208 n. m i .  

g ives  : P 

108.99 205.86 128.04 --- --- 

e l l i p s e  I 109.34 I 206.79 I 123.77 I 4218.571 .031 

4 
Here, t i s  much smaller than  .5 t , giving a l a r g e  AV . 

bu burn 

One last  conclusion may be drawn from t h i s  sec t ion .  Varying one 
parameter ( t  
two parameters ( t  and t ) allowed con t ro l  of two of t h e  end condi t ions.  bu f 
Thus, it seems t h a t  f o r  every end condition desired,  con t ro l  of t h a t  many 
t a r g e t  var iab les  i s  necessary,  and t h e  AV w i l l  increase  as t h e  number of 
des i r ed  end conditions i s  increased. 
t r o l  of t h e  end conditions.  

) allowed con t ro l  of one of t he  end conditions,; varying i gn 

Thus, t h e r e  i s  a one-for-one con- 

Apparently t h e r e  i s  only a small range of allowable values of 

around 0.5 tburn which avoid excessive AV pena l t i e s .  Thus t o  obtain 

t h e  des i r ed  ha and h and keep AV t o  a minimum, tbu must s t a y  i n  

t h i s  range and a t a r g e t  parameter other than tf must be changed. Thus 

tbu 

P 

4A AV of 4200 f-ps i s  high r e l a t i v e  t o  the  A V ' s  so  far. 
w e  w i l l  see t h a t  t h e  same end conditions can be m e t  f o r  a AV of 4026 f p s .  
It i s ,  perhaps,  t o o  eaxly t o  s a y  t h a t  minimum AV w i l l  r e s u l t  a t  

tbu'tburn 
la te r  sec t ion .  

Later '  

= .5. This approximation w i l l  be b e t t e r  subs t an t i a t ed  i n  a 
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i n  t h i s  next s e c t i o n  

b e  a t a r g e t  va r i ab le  . 
c w i l l  not be constrained t o  equal  1.00 bu t  w i l l  

5 

Targeting With The S tee r ing  Constant, c y  A s  A Target Parameter 

and c were var ied  t o  obtain 
- w a s  i nves t iga t ed .  The 

bu A t a rge t ing  scheme i n  which 

t f  - t f  imp t h e  des i r ed  end conditions with 

t r u e  anomaly o f  t h e  ta l -ge t  vector  was s t i l l  267.5'. 
c-t t a rge t ing .  From t h e  r e s u l t s  of t h e  previous s e c t i o n  it w a s  found 

t h a t  t h e r e  is  only a small range of back-up times i n  which t h e  AV i s  not 
excessive.  Given t h i s  small range of acceptable va lues ,  w i l l  t h i s  
scheme work? To si;mmarize before looking at t h e  &ta: it was found t h a t  
varying c and tbu w i l l  give acceptable r e s u l t s ;  t h u s ,  t h i s  w i l l  be 

t h e  proposed ta rge t  ing  scheme f o r  t h e  AS-503A simulat ion burn. 

This i s  c a l l e d  

bu 

This p a r t  o f  t h e  study w a s  done by s e l e c t i n g  various values of 
and t ry ing  d i f f e r c q t  values of c f o r  each of them. The burn re- tbu 

s u l t s  are shown i n  f igures  11 through 1 4 .  

wi th  l i n e s  of constant ha and bu Figure 11 presents  c versus 

h . This f igure  shows t rends only: it i s  not accurate  because t h e  a l t i -  

tudes were rounded o f f  t o  t h e  nearest  n a u t i c a l  mile  and t h e  number of 
po in t s  p l o t t e d  was small .  However, note  t h a t  f o r  a p a r t i c u l a r  value of 
c y  t h e  same value of h i s  obtained at two d i f f e r e n t  tbu's .  This i s  

a more general  view of t h e  r e s u l t s  of t h e  previous s e c t i o n ,  tbu-tf tar- 

ge t ing  with c = 1 . 0 0 ,  which showed t h a t  one value of h was obtained 

at two d i f f e r e n t  values of 

P 

P 

P 
tbu. 

Figure 12  shows h as a function of tbu with l i n e s  of constant 

c .  This i s  t h e  most important graph i n  t h e  r e p o r t  s i n c e  t h e  th ings  t h a t  
show on it a r e  t h e  b a s i s  f o r  t h e  c-t t a r g e t i n g  scheme. F i r s t ,  note  

P 

bu 

y. 

5 W e  could,  of course,  keep c = 1.00 and change t h e  t a r g e t  vector  
t r u e  anomaly; t h i s  i s  done l a t e r  i n  t h e  s tudy.  
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i s  about 45 t o  55 percent of tburn, h P . This means t h a t  i n  t h i s  region,  once 

t h a t  i n  a region where 

i s  roughly independent of 

one f i x e s  a value of c ,  t h e  value of t h e  per igee a l t i t u d e  i s  f ixed  t o  
wi th in  0.5 n. m i .  Thus, w i t h  a good est imate  of t h e  burn t i m e  [ e .g . ,  

from solving AV = go Isp I n  (Mo/Mo - M t )  f o r  tburn with AV obtained 

and f ind  a from an impulsive maneuver] one can use 

value of c t h a t  w i l l  guarantee a c e r t a i n  h (+ .5 n. m i . )  when 

tbu 
t h e  cor rec t  ha. 

s t a b l e  t o  dispers ions than other  schemes, such as t h e  

of t h e  last  sec t ion .  This w i l l  be checked i n  a l a t e r  p a r t  of t h i s  study. 

6 tbu 

tbu 

- 
tbu - O o 5  tburn 

P 
t o  obtain bu i s  between .45 and .55 tburn. One can then vary 

It a l s o  appears as i f  t h i s  may make t h e  t a r g e t i n g  more 

tbu-t scheme 

F i r s t  , Figure 13 shows h versus c w i t h  l i n e s  of constant  t 
P bu ' 

note  t h a t  h i s  a l i n e a r  function of c .  Second, note  t h a t  t h e  

tbu 
h and c combinations; t h a t  is, any combination of h and c t o  

the l e f t  of t h e  

using t h e  t a r g e t  vector a t  267.5' and t 

e r a l i z e d  by saying t h a t  

graph, and t h i s  i n f l ec -  t h e  constant c l i n e s  of t h e  h versus 

t i o n  po in t  marks t h e  tbu of lowest h f o r  a p a r t i c u l a r  value of c .  

P 
= ,065 hours (* .50 tburn) l i n e  forms a boundary of t h e  access ib le  

tbu = .065 hours (zz .50 tburn) l i n e  cannot be reached 

This r e s u l t  can be gen- 

forms an i n f l e c t i o n  poin t  on 

P P 

f imp' 

tbu = 0.5 tburn 

P tbu 

P 
It appears reasonable t o  extend these empirical  r e s u l t s  and s a y  t h a t  
t h e  shapes of f igures  12 and 13 w i l l  hold f o r  other  t a r g e t  vectors  al- 
though the  sca l e s  w i l l  probably s h i f t  7 . 

i s  caused by t h e  quadratic nature  of t h e  l i n e s  of constant c .  

7A thorough study t o  subs t an t i a t e  t h i s  has not been done. However, 
a f e w  l imi t ed  cases show tha t  t h i s  s c a l e  does s h i f t ;  t h a t  i s ,  i f  c = .50 
gives  a c e r t a i n  h 

h f o r  a d i f f e ren t  t a r g e t  vector  t r u e  anomaly on t h e  same t a r g e t  conic. 

f o r  the  t a rge t  at 267.5',  it w i l l  g ive a d i f f e r e n t  
P 

P 
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Fuel 
used , 

l b  

29507.36 

30648.41 

--- 

Figure 14 shows ha as a function of tbu with l i n e s  of constant  

c .  F i r s t  note t h a t  t h i s  i s ,  i n  gene ra l ,  not a l i n e a r  r e l a t i o n .  Second, 
note  t h a t  an increase i n  t h e  backup time r e s u l t s  i n  a decrease i n  t h e  
apogee a l t i t u d e  (which may a l s o  be seen i n  f igu re  11). 

0, 
deg 

25.39 

26 - 27 

24.56 

Thus given t h e  c h a r a c t e r i s t i c s  of t h e  spacec ra f t  used i n  t h i s  s tudy,  
t h e  values of t h e  t a r g e t i n g  parameters may be computed. These are not 
intended for  any real-t ime use ,  only as comparisons i n  t h e  study. These 
are c a l l e d  t h e  study nominal values.  For a burn t a r g e t e d  with c = 0.49, 
tbu t h e  end conditions shown i n  t h e  - 

t f  - t f  imp’ = .064 hours,  and 

t a b l e  below r e s u l t e d .  
I I 

h 

Target 
coni c 

Comparison 

126.4 4025.6 

128.04 1 --- 

of c-t and tbu-tf Targeting bu 

The t a b l e  below c l ea r ly ’  shows t h e  s u p e r i o r i t y  of c-tbu over 

-t t a rge t ing .  More than 1000 l b  of f u e l  i s  saved by c-tbu t a r g e t -  tbu f 
ing  and, although both methods obtain t h e  t a r g e t  apogee and pe r igee  
c-t t a r g e t i n g  comes c l o s e r  t o  achieving t h e  t a r g e t  l i n e  of apsides  

and l a t i t u d e  and longitude a t  t h e  f i r s t  per igee a f t e r  t h e  burn. 
bu 

c-t bu 

tbu-tf 

Target 
conic 

h 
P’ 

n. mi 

log .  01 

109.34 

108.99 

n. m i .  

205.77 

206.79 

205.86 

126.38 

123.77 

128.04 

4025.61 

4218.57 

--- 

232.03 

236.75 

J 



Checks On The Optimality of c-tbu Targeting 

1. c-t ’ t a rge t ing  compared t o  a two-burn maneuver with c = 1.00 

A two-burn maneuver would require  another burn a f t e r  t h e  LO1 burn. 
This i s  undesirable  because it w i l l  extend an already t o o  long crew 
work day and, requi re  more ground support and possibly new ground pro- 
grams. However, i f  enough AV could be saved, t h i s  maneuver might be 
worth doing. 

dU 

To do t h i s  comparison the  t a r g e t  vector  w i l l  remain at a t r u e  
anomaly of 267.5’, c w i l l  be s e t  equal t o  1.00, m d  tbu w i l l  be var ied  

t o  obta in  t h e  cor rec t  h- .  The r e s u l t s  a re :  

Cas e 

1. c = 1.00 

2. c = 1.00 

3. c = 0.49 

nominal) 
( s tudy  

Target 
conic 

h 
P’ 

n. m i .  

96.75 

99.70 

109.01 

108.99 

a 

ha’ 
n. m i ,  

213.48 

205.78 

205.77 

205.86 

129.03 

132.57 

126.38 

128.04 

3988.18 

4014.42 

4025.61 

--- 

- 
tbu ’ 

hr  

.064 

.080 

.064 

--- 

tbu , nd 
%urn 

.500 

.621 

.496 

--- 
I n  case 1, ha could be lowered by a second burn a t  t h e  f irst  

per igee  a f t e r  t he  LO1 burn, which would cost  about 1 3  f p s .  Thus 25 f p s  
would be saved. This i s  not enough of a saving t o  make up f o r  t h e  e x t r a  
work loads.  Obtaining a 109-n. m i .  h i n  addi t ion  t o  t h e  206 n. m i .  

ha 
P 

would requi re  a t h i r d  burn. 

Case 2 already gives t h e  correct  h at a saving of 11 f p s .  The 

P 

a 
a d d i t i o n a l  11 fps fo r  case 3 ( the  study nominal r e s u l t s )  r e s u l t s  i n  h 

9 n.  m i .  h igher  than t h a t  of case 2 (g iv ing  b e t t e r  t racking  coverage 
throughout t h e  burn) and a tbu/tburn r a t i o  of cy .5.  The importance 

of t h i s  r a t i o ,  tbu/tburn, w i l l  be discussed la ter  under real-time con- 

siderations.. ’ (The r a t i o  equal  t o  .5 w i l l  allow us t o  use t h e  GPMP i n  t h e  

16 f p s ,  giving no AV savings overa l l .  

- ARRS program.) Doing a second burn t o  r a i s e  h would cos t  an add i t iona l  
P 
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267.5' 
(Study 

nominal) 

2. c-tbu t a r g e t i n g  compared t o  t a r g e t i n g  with c = 1 . 0 0 ,  a d i f f e r -  

109.01 205.77 

en t  t a r g e t  t r u e  anomaly.- 

t o  be expensive, w e  can form another opt imal i ty  check by keeping 

thu 
vector  t r u e  anomaly t o  obtain t h e  co r rec t  

Since moving away from tbu'tburn = 0.5 seems 

= .064 (=  .5 tburn ) but s e t t i n g  c = 1.00 and changing t h e  t a r g e t  

ha. The r e su l t s  of t h i s  

Target True ' 1  hp, I ha, 
n .  m i .  n. m i .  Anomaly 

Target 108.99 205.86 

208.5' 1101.41 I 206.78 122.72 I 4001.77 I .492 I 1.00 
It would take 15 fps  t o  r a i s e  h of t h e  208.5', c = 1.00 case t o  

109 n. m i .  giving then only a savings of 9 f'ps, a savings not worth t h e  
e x t r a  burn. However, i f  w e  neglect  h 24 fps  may be saved. This 

saving gives r i se  t o  t h r e e  disadvantages not shared by t h e  267.5', 
c = .49 (study nominal) case:  

P 

P' 

(1) The burn a r c  i s  about 34', centered around t h e  per igee po in t .  
This means t h a t  at burnout,  t h e  t a r g e t  and p o s i t i o n  vectors  would be 
208.5 - 17 = 191.5' apa r t .  I n  t h e  neighborhood of a 180' s epa ra t ion  
between t a r g e t  and p o s i t i o n  vec to r s ,  Lambert's rout ines  do not work 
because the  t w o  vectors no longer uniquely determine a plane. Thus, 
it i s  undesirable f o r  t h e  t a r g e t  and p o s i t i o n  vectors  t o  be near 180' 

apa r t  . 8 

8MIT has modified t h e  onboard Lambert's rou t ine  t o  handle t h e  
180' case by def ining t h e  plane as t h e  one determined by t h e  present  
p o s i t i o n  and ve loc i ty  vectors .  However, I do not know what t h e  e f f e c t  
of t h i s  modification w i l l  be on plane changes. 



( 2 )  hp i s  lowered throughout t h e  burn,  l i m i t i n g  t r ack ing  coverage. 

(3 )  A t a r g e t  vector of 209' t rue  anomaly cannot be used i n  t h e  

GPMP9 . 
3. F ina l  check on t h e  optimality of t h e  t a r g e t  vec tor  pos i t ion . -  

As a f i n a l  check on t h e  o v e r a l l  optimality of c-t  

t h e  t a r g e t  vector  at 267.5', two other  t a r g e t  vector  p o s i t i o n s ,  297.6' 
and 328.0' were chosen. 

t a r g e t i n g  with bu 

t a rge t ing  w a s  used t o  obta in  h and C-tbu . The r e s u l t s  are: 
hP 

Target 
coni c 

108.99 

205.86 

128.04 

--- 
--- 
--- 

--- 

24.56 

236.75 

Target 
267.5 

log.  0 1  

205 * 77 

126.38 

4025.61 

0.49 

0.064 

0.496 

25.39 

234.51 

Target 
297.6 

108.97 

204.54 

127.39 

4026.34 

0.43 

0.0675 

0.523 

25.04 

235.49 

a 

Target 
328.0 

108.64 

206.26 

128.44 

4052.72 

0.30 

0.0885 

0.682 

24.66 

236.44 
I 

'There i s  one poss ib le  disadvantage t h a t  has not been checked out .  
The 208.5' case has a s h o r t e r  

about 21 percent of t h e  267.5' time of f l i g h t .  
t h e  90' case w a s  , I f e e l  t h a t  maybe t h e  208.5' case w i l l  not be as s t a b l e  
t o  d ispers ions  as t h e  267.5' case. 

tc than t h e  267.5' case by 0.250 hour or  

Remembering how unstable  
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It i s  possible  t o  obta in  a l l  t h r e e  parameters of t h e  low e l l i p s e .  
A t a r g e t  vector  pos i t i on  at 3 2 8 O  gives t h e  co r rec t  l i n e  of  apsides  and 
a l s o  t h e  correct  l a t i t u d e  and longi tude a t  t h e  f i r s t  per igee  a f t e r  t h e  
burn ind ica t ing  t h e  CSM i s  at t h e  r i g h t  p o s i t i o n  on t h e  l o w  e l l i p s e  at 
t h e  r i g h t  time (it might not have ended up at the  r i g h t  po in t  a t  t h e  
r i g h t  time even i f  t he  i n e r t i a l  pos i t i on  of t h e  l i n e  of apsides  w a s  

and c a r e  changed, t h e  argument of  10 c o r r e c t )  . However, i f  tbu 

per igee  w i l l  not s t a y  constant .  
vec to r ,  one p a r t i c u l a r  value of 

value of h 'l.) 

tbu = .064 and 

(Remember, t h a t  f o r  a p a r t i c u l a r  t a r g e t  
c would correspond t o  one p a r t i c u l a r  

To show t h i s  t h e  t a r g e t  w a s  taken a t  297.6' with 
P 

c = .49 ( t h e  study nominal va lues ) .  This g ives :  

= 207.34 n. m i .  w = 128.13'. ha h = 107.19 n. m i .  

Now when tbu i s  changed t o  0.0675 and c to 0.43 t o  obta in  t h e  
P 

co r rec t  h and h f o r  t h i s  t a r g e t  p o s i t i o n ,  a 0.74' change i n  t h e  

argument of per igee  r e s u l t s  : 
a P 

h = 108.97 n. m i .  h = 204.54 n. m i .  o = 127.39' P a 

These r e s u l t s  l ead  t o  f igu re  1 5 ,  which shows t h e  argument of per igee  versus  
t a r g e t  vector t r u e  anomaly. The argument of per igee  w a s  measured a f t e r  
t h e  cor rec t  value ha and h were obtained. Notice t h a t ,  t o  t h e  

P 
neares t  .O5', t h i s  i s  a l i n e a r  r e l a t i o n .  Therefore,  t o  obta in  t h e  cor- 
r e c t  argument of per igee  a f t e r  ha and h 'are found, merely connect 

two known points  with a s t r a i g h t  l i n e  and f i n d  t h e  t a r g e t  t r u e  anomaly 
at t h e  desired argument of per igee.  Then, when one has found t h e  cor- 
r e c t  ha and h f o r  t h i s  t a r g e t  t r u e  anomaly, one w i l l  a l s o  have t h e  

co r rec t  argument of  per igee .  

P 

P 

Y 

"There i s  another way t h a t  t h e  argument of per igee  might be con- 
t r o l l e d .  Note t h a t  t h e  d i f f e rence  between the t a r g e t  w and t h e  w 
obtained with the  t a r g e t  vec tor  at 267.5' i s  1.66'. 
conic could be  generated a t  1.66' pas t  pe r igee  and 

the re .  
This would a l s o  keep 

than  t h a t  obtained by changing t h e  t a r g e t  t r u e  anomaly. However, t h i s  
might not put  us on t h e  t a r g e t  (generated at pe r igee )  ground t r a c k .  
attempt has been made t o  check t h i s  ou t ,  however. 

Thus, t h e  t a r g e t  
tbu measured from 

Then, a f t e r  t h e  burn,  t h e  argument of per igee  would be at 128.04'. 
- - 1 /2  tburn, thereby maybe g iv ing  a lesser AV 

tbu 

No 

'%his he ld  f o r  .45 tburn 2 tbu 2 .55 tburn 



These r e s u l t s  using t a r g e t  t r u e  anomalies of 267.5', 297.6' and 
328.0' a l s o  support  t h r e e  conclusions drawn e a r l i e r  : 

(1) 
a t a r g e t  

than  t h e  

( 2 )  

Minimum AV occurs with t h e  tbu/tburn r a t i o  around 0.5. With 

a t  328. 0' , tbu/tburn = 0.682 g iv ing  a AV of 27.11 fps  g r e a t e r  

AV f o r  t he  t a r g e t  a t  267.5' and tbu/tburn = 0.49612. 

There i s  a one-for-one con t ro l  of  t h e  end condi t ions .  Three 
t a r g e t  parameters must be va r i ed  i n  order  t o  obta in  t h r e e  end condi t ions.  

(3)  The more end conditions one wishes t o  con t ro l ,  t h e  more ex- 
pensive i n  AV it w i l l  be. This is  because you a r e  forced t o  move from 
optimal pos i t i ons  i n  order t o  cont ro l  e x t r a  end condi t ions.  
(1) and (3)  a r e  interdependent.  

Obviously , 

For t h e  purposes of AS-503A, it i s  not necessary t o  obta in  t h e  
Control of a l l  t h r e e  t a r g e t  parameters i s  t a r g e t  argument of per igee.  

outweighed by t h e  AV penal ty  and t h e  real-t ime considerat ions.  

Real-Time Considerations 

These considerat ions have t o  do with t h e  real-t ime update of t h e  
t a r g e t i n g ,  caused by d ispers ions  of t h e  nominal t r a j e c t o r y .  It i s  de- 
s i r a b l e  t o  do as l i t t l e  real-t ime programing as poss ib le ;  t h a t  i s ,  l e t  
t h e  GPMP do t h i s  i n  real time. 
perform an impulsive maneuver there  and generate  a two-body t a r g e t  
e l l i p s e .  

Given a poin t  on the  o r b i t ,  t h e  GPMP w i l l  

A t a r g e t  vector  a t  270' is  then  se l ec t ed  from t h i s  t a r g e t  
e l l i p s e .  A n  impulsive AV i s  ca lcu la ted ,  and t h e  equat ion 

0 

i s  solved f o r  tburn. 

impulsive point  minus 1 / 2  tburn. We can s e e  t h a t  t h e  c-tbu t a r g e t i n g  

. -scheme with t h e  t a r g e t  at 270' best  f i t s  i n t o  t h i s  program - both because 
t h e  t a r g e t  i s  a t  270' and because t h e  t /t r a t i o  i s  0.496 e 0 . 5 0 .  

The ign i t ion  t i m e  i s  then  merely t h e  t ime a t  t h e  

bu burn 

l20ne could argue aga ins t  t h i s  by saying t h a t  it i s  t h e  t a r g e t  
p o s i t i o n ,  not t h e  tbu/tburn r a t i o  t h a t  causes t h e  increased  AV. How- 

- eve r ,  w e  saw before t h a t  for a p a r t i c u l a r  t a r g e t  p o s i t i o n ,  t h e  r a t i o  of 
.5 gave minimum AV. These r e s u l t s  with d i f f e r e n t  t a r g e t  pos i t i ons  thus  
do n& disprove t h i s  conclusion. 



Thus, t h e  GPMP log ic  should be ab le  t o  t a r g e t  l a r g e  CSM burns i n  e a r t h  
o r b i t .  It is not an t i c ipa t ed  t h a t  t h i s  would work f o r  t h e  1Unar 
mission m a j o r  CSM burns s ince  they must be much more p r e c i s e  than  those  
f o r  AS-503A. 

Thus the  t a r g e t i n g  scheme f o r  t h e  AS-503A LO1 burn i s  recommended 
t o  be as follows : 

Target vec to r :  Selected from a two-body t a r g e t  e l l i p s e  at a t r u e  
anomaly of 270'. 

tburn' T ime  of i g n i t i o n :  T i m e  at per igee of high e l l i p s e  minus 1 / 2  

T ime  of burn: Computed from t h e  i d e a l  rocket equation: 

Av = go I s p  I n  [ M o / ( M o  - i ti] 
t ign  T i m e  of f l i g h t :  T ime  a t  t a r g e t  minus 

Two-body t a r g e t  e l l i p s e :  Generated by t h e  GPMP t o  give t h e  des i r ed  
p rec i s ion  o r b i t .  

Steer ing constant ,  c :  Selected s o  t h a t  h of t h e  high e l l i p s e  
P 

i s  t h e  same as h of t h e  low e l l i p s e .  This w i l l  be around 0.5. 
P 

The accuracy of t h i s  scheme w i l l  be  f'urther checked by Rendezvous 
Analysis Branch ( R A B )  and Mission Analysis Branch (MAB) going through 
t h i s  procedure. Results of t h e  study i n  t h i s  i n t e r n a l  note  i n d i c a t e  
t h e  scheme w i l l  be  acceptable.  

Consideration of The Plane Change And Di f f e ren t  

High E l l i p s e  Perigee Al t i t udes  

The preceding AS-503A LO1 t a r g e t i n g  w a s  done with a coplanar burn 
on a high e l l i p s e  having a per igee a l t i t u d e  of 109 n. m i .  The necessary 
plane change during t h e  burn and t h e  d i f f e r e n t  per igee a l t i t u d e s  t h a t  
r e s u l t  from t h e  ever changing RCS fuel  budget a v a i l a b l e  f o r  deorbi t  must 
now be considered. 
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For each new perigee a l t i t u d e  a new t a r g e t  conic w a s  generated 
with 1.0' plane change. 
The LO1 burn was simulated fo r  each new h using t h e  values of tbu 
and c derived fromthe 109-n. m i .  h coplanar case.  The t i m e  of f l i g h t  

w a s  tc + tbu. The r e s u l t s  are given i n  t a b l e  111. They show: 

A t a r g e t  vector at roughly 270' w a s  se lec ted .  

P 

P' 

(1) 
get ing  values.  
change must be made (say  t o  give b e t t e r  t racking  at a l a t e r  t i m e ) ,  a 
change of up t o  at l e a s t  l.Oo should requi re  only t h e  generat ion of a 
new t a r g e t  conic and a corresponding new time of f l i g h t ;  c and tbu 
could remain t h e  s m e .  

A 1.0' plane change requires  no change of t h e  coplanar tar- 
This means t h a t  if during t h e  mission a d i f f e r e n t  plane 

( 2 )  The differences between the  t a r g e t  and a c t u a l  per igee a l t i t u d e s  
f o r  each d i f f e r e n t  h case were smaller than 0 . 1  n. m i . ,  and the  d i f -  

erences between t h e  t a r g e t  and actual  apogee a l t i t u d e s  were smaller than 
0.6 n. m i .  This means t h a t  i f  nominal plans c a l l  f o r  a h of 150 n. m i .  

and, due t o  excessive RCS usage, h 

t h e  premission c and tbu values would requi re  no update. 

P 

P 
can only be r a i s e d  t o  130 n. m i . ,  

P 

(3) For each case,  t h e  tbu/tburn r a t i o  w a s  0.49 t o  0.50. Thus, 

t h e  cases were good approximations of t h e  proposed real-t ime t a r g e t i n g  
scheme . 

Limitations and Advantages of This Targeting Scheme 

When Updating i n  Real Time 

(1) There w i l l  be no control  over t he  argument of per igee of t h e  
low e l l i p s e ;  i t s  loca t ion  can b e  roughly predicted but  not forced t o  a 
c e r t a i n  value. 
t a r g e t  e l l i p s e . )  This means a l s o  t h a t  a r e t u r n  t o  a nominal groundtrack 
cannot be absolutely guaranteed. 
of per igee of t h e  low e l l i p s e  must be done at t h e  simulated midcourse 
cor rec t ion  on the  high e l l i p s e .  

(It w i l l  be within 5' of t h e  argument of per igee of t h e  

Any maneuver t o  c o n t r o l  t h e  argument 

( 2 )  Perigee a l t i t u d e  cannot be forced t o  a s p e c i f i c  value. It 
could be  changed about 10 n. m i .  by updating c but  t he re  i s  no provis ion 
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f o r  a c update i n  r e a l  time.13 The value f o r  c w i l l  guarantee t h a t  
h high e l l i p s e  = h low e l l i p s e  t o  wi th in  about .5  n. m i .  

P P 

(3) There w i l l  be con t ro l  over t h e  apogee a l t i t u d e .  With t h e  
t a r g e t  vector at 270° and a 

e l l i p s e  can be obtained. 

tbu = 1 / 2  tbUrn, t h e  apogee of t h e  t a r g e t  

( 4 )  There w i l l  be  no add i t iona l  o r  new RTCC log ic  necessary; no 
i t e r a t i o n s  w i l l  be necessary t o  update t h e  t a r g e t  parameter values .  
These a r e  perhaps t h e  most important po in t s  of t h i s  scheme. 

Brief  Summary of This Sect ion 

We have seen here  t h a t  t h e  primary end condi t ion ,  an apogee a l t i -  
tude of 200 n. m i . ,  may be obtained i n  a number of ways without t r y i n g  
t o  con t ro l  the  o ther  o r b i t a l  parameters (per igee  and argument of pe r igee ) .  

w i l l  a l s o  give the  t a r g e t  per igee  a l t i t u d e  f o r  a l i t t l e  more A V ,  and 
would allow t h e  use of t he  GPMP por t ion  of t h e  AFtRS program t o  update 
t h e  t a rge t ing  parameters.  

However, one method ( t a r g e t  vec tor  at 270°, tbu - - 1/2 tbllrn, c = . S O >  

EVALUATION OF THE EFFECT OF DISPERSIONS 

The s t a b i l i t y  of t h e  t a r g e t i n g  scheme recommended f o r  use i n  t h e  
AS-503A LO1 burn i s  examined i n  t h i s  s ec t ion .  Dispersions i n  t h r u s t  
and ign i t ion  po in t  as we l l  as e r r o r s  i n  t h e  p o s i t i o n  measurement of 
t h e  spacecraf t  a r e  considered. This s ec t ion  presents  an i d e a  of how 
dispers ions  w i l l  a f f e c t  t h i s  t a r g e t i n g  scheme; t h i s  i s  not meant t c  be 
a thorough d ispers ion  ana lys i s .  

Thrust Dispersions 

Using t h e  t a r g e t  conic used t o  
gee a l t i t u d e  and a coplanar burn - develop t h e  scheme - 109 n. m i .  p e r i -  

both t h e  s t a b i l i t y  of c-tbu ( t h e  s tudy 

I3Any c update would have t o  
t h e  crew 

be manually entered i n t o  t h e  CMC by 
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c-t bu (study nominal) 

- .  

tbu'tf 

w ,  AV 9 

deg 0 s  
P' ha 9 

n. m i .  n. m i .  

h 

1.04 2 -2.64 21.96 

3.64 2 -4.39 112.68 

I g n i t i o n  Point Dispersions 

. 1 

h n. m i .  . . . . . . . . . . . . . . . . . .  - .06 
ha, n. m i .  . . . . . . . . . . . . . . . . . .  +9.0 
w ,  deg . . . . . . . . . . . . . . . . . . . .  -5.07 

P' 

A V , f P s . .  . . . . . . . . . . . . . . . . .  .-14.51 
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I 

Spacecraf t  Orbit  Measurement Errors 

h n . m i .  . . . . . . . . . . . . . . . . . . .  3.0 
P '  

w ,  deg . . . . . . . . . . . . . . . . . . . . .  0.4  

AV, f p s  . . . . . . . . . . . . . . . . . . . . .  10. 

ha, n. m i .  . . . . . . . . . . . . . . . . . . .  4.0 

J 

This port ion of t h e  study w a s  done with a d i f f e r e n t  high e l l i p s e  
than  t h a t  used throughout t h i s  study. 
a l t i t u d e  of 117 n. m i .  and a 1.0' plane change. Only c-tbu t a r g e t -  

ing  was considered. The values of t h e  t a r g e t i n g  parameters a r e  t h e  ones 
f o r  t he  nominal high e l l i p s e .  
has been changed +2.5 n. m i .  and -3.0 n. m i .  i n  increments a t  a t r u e  
anomaly of 214'. 
i g n i t i o n  time and t h e  maneuver performed. 
t a b l e  I V .  The m a x i m u m  e r r o r s  shown below seem acceptable .  

This e l l i p s e  has a per igee  

However, t h e  rad ius  of t h e  high e l l i p s e  

These new o r b i t s  have been propogated t o  t h e  nominal 
The r e s u l t s  a r e  shown i n  

. 
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1.2144 

1.2016 

1.1930 

1.1897 

1.1675 

tbuJ 
hours 

nd 

.610 .0894 

.596 ,0766 

.542 .0680 

.51g .0647 

.358 ,0425 

.0866 

.0766 

0695 

.0666 

.0466 - 

TABLE I. - COMBINATIONS OF BACK-UP TIME ( tbu )  AND TIME 

OF FLIGHT ( t f )  TO OB'IIAIN DESIRED APOGEE ALTITUDE 

[s teer ing constant ,  c, = LOO] 

ha , 
n. m i .  

208 

208 

208 

208 

208 

hP, 
n. m i .  

103 e29 

98.62 

96.86 

96.51 

99 65 

2 9  023 

131.83 

132.54 

132.40 

2 9  65 

AV? 
f PS 

4035 07 

4003.28 

3996 ' 49 

3996 99 

4071.82 
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ah,.: n. m. 

5 070 

10 37 

12.13 

12.48 

12.34 

TABU 11.- RFSULTS OF IMPULSIVELY RAISING PERIGEES 

GIVEN IN TABLE I AT APOGEE OF THE LOW ELLIPSE 

av to 
raise Tota l  
h AV, 

10.15 4045.22 

18 . 46 4021.74 

21.59 4018.08 

22.21 4019.20 

f#L f PS 

21 97 4084.16 

[ha = 208 n. m i . ,  hp = lo9 n. m i . 3  

tbuJ A> 
iours %urn 

.0866 .670 

nd 

.0766 596 

9 0695 e542 

.0666 519 

.0466 9 358 

hP: n. mi. 

103.29 

98.62 

96.86 

96-51 

99.65 

4035 07 

4003.28 

3996 49 

3996 99 

4071.82 
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Plane change when hP* ha 0, Av, 

generating t a r g e t  conic, n. mi. n. mi. deg f p s  
deg 

TABLE 111.- TAIEGETING OF ME AS-503A ID1 MANEWER WI!EI 

THE PROPOSED TARGETING S m  

[Target Brameter  values: $u = 0.064 hr; c = 0.47; 
t a r g e t  t r u e  anomaly = 270'; tf = tfimpJ 

tbu/tb-, 
nd 

Target 0.0 108.99 205.86 128.04 

Burn r e s u l t s  --- log.01 205.77 126.34 

I (d)  Targeting from high eLUpee w i t h  lk9.84-n. mi.  perigee a l t i t u d e  

-- -- 
4025.61 0.496 

Target 1.0 116.84 210.14 124.27 -- 
Burn r e s u l t s  --- 116.76 210.61 m.48 4046.60 

-- 
0.494 

1.0 116.84 198.63 124.27 -- Target 

Burn results --- 116.86 199.14 122.02 4067.72 

-- 
0.492 

1.0 149.84 202.56 124.26 Target 

Burn results --- 149.94 203.16 120.03 

-- -- 
4055.20 0.488 
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TABU 1V.- FESULTS OF USING THE NOMINAL TARGET 

Radius a t  
t rue  anomaly 
of 214O, 
n. mi. 

Target 

6770 3403 

6769.8403 

6769 3403 

6768.8403 

6768 3403 

6767.8403 
(nomina 1) 

6767 3403 

6766.8403 

6766 3403 

6765.8403 

6765 3403 

6764.8403 

PAFiMETER VALUES WITH DISPERSED ORBITS 

---- 
4076.15 

4074 46 

4072 76 

4071.10 

4069 41 

4067.72 

4066.03 

4064.34 

4062.66 

4060.98 

4059 9 30 

4057 61 

hP, n. mi. 

116.84 

119 0 94 

119 33 

118.71 

118. og 

117.48 

116.86 

166.24 

115.62 

115.00 

114 39 

113 9 77 

113.15 

ha J 

n. m i .  

198.6 

195 02 

196.0 

196.8 

197 6 

198 3 

199 1 

199 9 

200.7 

201.5 

202.3 

203.1 

203.9 

a, 
de Q 

124.27 

122.43 

122.34 

122.25 

122.17 

122.09 

122.02 

121.95 

121.88 

121.81 

121.75 

121.68 

121.62 
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Figure 1.- Apogee altitude versus time of f l ight  minus time of coast. 
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Figure 5. - Apogee altltude versus back-up time from perigee. 
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APPENDIX 

BURNS TARGIECED BY THE GPMP 

The tables i n  t h i s  appendix present the  r e su l t s  of burns targeted 
by the GPMP part of the ARRS progmm. A t  perigee of the high e l l ipse ,  
an impulsive maneuver was performed t o  ra i se  apogee a l t i tude .  The 
o r b i t a l  elements a f t e r  t h i s  maneuver were propogated conically through 
270°. A burn t i m e  was 
calculated from the i d e a l  rocket equation using the AV calculated f o r  
the impulsive maneuver; igni t ion time was then the time a t  perigee 
minus one-half the burn time. The time of f l i g h t  was the time a t  the 
ta rge t  vector minus the time of ignit ion.  
for  real-time updating. 

This position served as the t a rge t  vector. 

This i s  the method proposed 
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150 

148.9002 

148.8102 I 

151.164996 

TABU A I .  - BURN FROM A NOMINAL HICEI E U P S E  

200 

3950.1551 

204.0784 

' 202.0425 

. 
150 e 0 

148.1686 

148 e 0141 

150.42944 

[Plane change = O.OO; c = 0.49; tbu = 0.0637179 hr; 
tburn - - 0.12837650 hr;  tbu/tb- = 0.496333 

200.1 

2944.2246 

202 06453 

201.0960 

Target 

Orbi ta l  parameters preburn 

Burn resul ts  measured a t  
burnout 

Results a t  first perigee 

e- 

125.14543 

122.08997 

120.31720 

WLE A I I O  - BURN FROM A HIGH ELLIPSE RESULTING FROM PWTURE 

SHuTDOwN ON T€E T U  SIMULATION BURN 

Target 

3 r b i t a l  parameters preburn 

Burn results measured a t  
burnout 

Results a t  f i rs t  perigee 



54 

TABLE AIIIo- BURN I T O M  A HIGH ELLIPSE RESUL!CING FROM 

P F E N A m  SHuTDOwN ON THE T U  SIMULATION BURN 

E h n e  change = LOO; c = 0.49; tbu = 0.0242501 hr; 

= 0.04873195 hr;  tbU/tburn = 0.497623 

Target 

Orbi ta l  parameters preburn 

Burn resul ts  measured a t  
burnout 

Results a t  f i r s t  perigee 

hP, 
n. m i .  

150.0 

147.5007 

147 . 4842 
130.23274 

ha 
n. m i .  

200.0 

1039.6278 

201.8438 

201.2950 

117.3 

115.86678 

117 . 06501 
117.22142 

1351.2484 

_- 
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